Vegetative (noncohesive) D. discoideum cells and cells at several stages during the development of cohesiveness were fixed with glutaraldehyde, and their agglutinability by purified carbohydrate-binding proteins (lectins) from slime molds and plants was determined. The two purified lectins from D. discoideum, called discoidin I and II, were poor agglutinins of fixed vegetative D. discoideum cells and potent agglutinins of fixed cohesive D. discoideum cells. The increased agglutinability of D. discoideum cells by discoidin I or discoidin II with differentiation paralleled discoidin appearance in cell extracts and development of cohesiveness. The lectin of another slime mold, Polysphondylium pallidum (pallidin) and the lectin of Ricinus communis (RCA-I) were also more potent agglutinins of fixed differentiated D. discoideum cells than of fixed vegetative D. discoideum cells. However, wheat germ agglutinin was much more potent with fixed vegetative cells. The association constant (Ka) of discoidin I and discoidin II for fixed differentiated D. discoideum cells was in the range of 109 M-1, more than twenty-fold higher than the Ka of these lectins for fixed vegetative cells. The Ka of discoidin I and discoidin II for fixed differentiated P. pallidum cells was an order of magnitude lower than for fixed differentiated D. discoideum cells. The Ka of pallidin for fixed differentiated P. paiidum cells was about 4 X 109 M-1 and was an order of magnitude lower for fixed differentiated D. discoideum cells. Since previous studies showed that the lectin of each of these slime mold species is detectable on the surface of cohesive cells, the observation of species-specific receptors on the surface of cohesive cells suggests a basis for species-specific cohesion. We have previously shown that as amoebae of Dictyostelium discoideum or Polysphondylium pallidum differentiate from a vegetative noncohesive to a cohesive stage, lectins appear that are detectable on their cell surface (1-3). Two lectins, called discoidin I and II*, have been found in D. discoideum and another, called pallidint, has been found in P. pallidum. We have presented evidence that this class of carbohydrate-binding proteins mediates the intercellular adhesion of slime mold cells (1, 2). Since there are differences in the relative affinities of various simple sugars for these carbohydrate-binding proteins from D. discoideum and P. pallidum, we suggested (2, 4) that the distinct binding-specificities of these proteins might underlie species-specific cell recognition during the sorting-out observed with many species (5-7).
about 4 X 109 M-1 and was an order of magnitude lower for fixed differentiated D. discoideum cells. Since previous studies showed that the lectin of each of these slime mold species is detectable on the surface of cohesive cells, the observation of species-specific receptors on the surface of cohesive cells suggests a basis for species-specific cohesion. We have previously shown that as amoebae of Dictyostelium discoideum or Polysphondylium pallidum differentiate from a vegetative noncohesive to a cohesive stage, lectins appear that are detectable on their cell surface (1) (2) (3) . Two lectins, called discoidin I and II*, have been found in D. discoideum and another, called pallidint, has been found in P. pallidum. We have presented evidence that this class of carbohydrate-binding proteins mediates the intercellular adhesion of slime mold cells (1, 2) . Since there are differences in the relative affinities of various simple sugars for these carbohydrate-binding proteins from D. discoideum and P. pallidum, we suggested (2, 4) that the distinct binding-specificities of these proteins might underlie species-specific cell recognition during the sorting-out observed with many species (5) (6) (7) .
Our working hypothesis is that species-specific cell cohesion in cellular slime molds is mediated by the association between lectins and specific oligosaccharide receptors on the surface of cohesive cells of the same species. This hypothesis predicts that there are oligosaccharide receptors on the surface of cohesive slime mold cells that are specific for the lectin of that particular species. In the present study we describe the appearance of a class of high-affinity receptors for carbohydrate-binding proteins from D. discoideum on the surface of differentiating D. discoideum cells as they become cohesive. Pallidin, the lectin of P. pallidum cells, and concanavalin A, a plant lectin, bind to D. discoideum cells with lower affinity. Pallidin binds to fixed P. pallidum cells with a higher affinity than discoidin I or II.
MATERIALS AND METHODS Differentiation of Slime Mold Cells. Both Dictyostelium discoideum (strain NC-4) and Polysphondylium pallidum (strain WS 320) were grown in association with Aerobacter aerogenes on nutrient agar as described (1, 2) . The D. discoideum cells were harvested after 36 hr of growth (220), at which time a high concentration of bacteria remained. These vegetative cells were washed free of bacteria and then differentiated by shaking in suspension (107 cells per ml) in 16.7 mM Na2HPO4-KH2PO4, pH 6.0 (8) at 220 for periods up to 9 hr. Vegetative (0 hr) cells and cells harvested after 3, 6 , and 9 hr of shaking were fixed in 1% glutaraldehyde in 75 mM NaCl, 75 mM Na2HPO4-KH2PO4 (phosphate/saline) pH 7.2 for 30 min at 250. Prior to and during fixation, cell suspensions were repeatedly pipetted through a manostat to dissociate aggregates into single cells. After fixation, cells were washed twice in 10 mM glycine in phosphate/saline (final pH 7.2) and subsequently three times in 16.7 mM Na-K phosphate buffer, pH 6.0. The final cell suspension was filtered through cheese cloth in order to remove cell clumps and other debris. Aggregation-competent P. pallidum cells were obtained after growth in the dark for 96 hr (220). Under these conditions cells become cohesive but pseudoplasmodia do not form (2) . The differentiated P. pallidum cells, after being washed with water (40), were fixed with glutaraldehyde at the same time under the same conditions as those used for the fixed D. discoideum cells. Washed rabbit erythrocytes were fixed in an identical manner.
Purification of Lectins. Discoidin was purified from extracts of D. discoideum strain NC-4, differentiated in suspension culture for 9 hr as described above by adsorption on a Sepharose 4B column and elution with D-galactose (9) . Subfractions of discoidin named discoidin I (the major lectin in this species) and discoidin II were separated by chromatography on DEAE-cellulose*. Pallidin was purified from extracts of P. pallidum cells (2)t. The molecular weights of discoidin I, discoidin II, and pallidin were estimated by permeation chromatography on columns of porous glass beads with an average pore diameter of 370 A (Sigma) in phosphate/saline, pH 6.4. The molecular weight standards used were bovine serum albumin (67,000), concanavalin A (110,000), and tetravalent lima bean agglutinin (240,000). The void volume was determined with blue dextran. Wheat germ, Ulex europeus I, and lima bean agglutinins were purified by adsorption on formalinized erythrocytes and elution with appropriate sugars (10) . The purity of these lectins was determined by polyacrylamide gel electrophoresis in a sodium dodecyl sulfate system (10) . Pallidin, discoidin I, discoidin II, wheat germ agglutinin, and lima bean agglutinin all showed a single band after staining with Coomassie Blue. Ulex europeus I agglutinin showed the expected two bands (10) . Ricinus Binding was complete in 20 min. Cells and bound lectin were removed by centrifugation at 2000 X g for 3 min. The agglutination activity of this adsorbed supernatant against fresh rabbit erythrocytes was determined using an assay like that described above for fixed slime mold cells. The concentration of unadsorbed lectin was computed from a standard curve generated by measuring the percent agglutination of erythrocytes as a function of known lectin concentration.
With this assay the lectin concentration in a given sample can be determined with a precision of +2%. The difference between the amount of added lectin and the unbound lectin is the bound lectin. Since the number of cells is known, this information is sufficient to calculate the apparent association 
RESULTS
Changes of agglutinability of fixed D. discoideum cells with differentiation Unfixed cohesive D. discoideum cells aggregate when gyrated in suspension (1, 13) . To study agglutination of cells by added lectins it was therefore necessary to destroy endogenous cohesiveness. Treatment of the cells with glutaraldehyde eliminated this cohesiveness, probably due to inactivation of the cell-surface lectin which has been shown to lose its antibody-reactivity with glutaraldehyde fixation under these conditions (3) .
The addition of purified discoidin I or discoidin II to glutaraldehyde-fixed vegetative D. discoideum cells resulted in little agglutination of these cells even at very high concentrations of the lectins (Fig. 1) . With both of these lectins agglutinability increased as a function of differentiation (Fig. 1) . This change is reflected in both the maximum level of agglutination achieved and in the concentration of lectin required (Fig. 1) . Using the reciprocal of the amount of the lectin required to produce 20% agglutination as an index of agglutinability at each time, we found that development of agglutinability paralleled the appearance of discoidin in these cells (Fig. 2) .
We also tested the ability of a number of other lectins to agglutinate glutaraldehyde-fixed vegetative and 9-hr differentiated D. Discoideum cells. Pallidin agglutinated 9-hr differentiated D. discoideum cells better than 0-hr cells; but the maximum level of agglutination observed was less than with discoidin I or discoidin II (Fig. 3) . RCA-I, which, like Proc. Nat. Acad. discoidin and pallidin, recognizes D-galactopyranosyl residues, agglutinated 9-hr cells at a relatively low concentration and failed to agglutinate 0-hr cells at high concentrations (Fig. 3) . Therefore, the increased agglutinability of 9 hr compared to 0 hr D. discoideum cells is not specific for discoidin I or discoidin II but was also observed with lectins with a similar carbohydrate-binding specificity. However, with lectins of different saccharide-binding specificity, a different result was seen. For example, concanavalin A (which reacts with a manopyranosyl groups) agglutinated fixed 0-hr cells to a greater extent than 9-hr cells (Fig. 3 ), in agreement with data reported for unfixed D. discoideum cells (14) . Wheat germ agglutinin (which reacts with N-acetyl-D-glucosamine residues) was a much more potent agglutinin of 0-hr cells than 9-hr cells (Fig. 3) . Finally, agglutinins from Ulex europeus and lima bean, which are highly specific for human blood group oligosaccharides, produced no detectable agglutination of either 0-hr or 9-hr cells at concentrations up to 2 mg/ml. Since previous studies showed that pallidin agglutinated heat-treated, differentiated P. pallidum cells (2), we determined if agglutination of this cell type was also found after glutaraldehyde fixation. We found that glutaraldehydetreated P. pallidum cells were not agglutinated by pallidin under conditions where the lectin bound with high affinity to these cells (see below). The differential effect of glutaraldehyde fixation on D. discoideum and P. pallidum cells is unexplained. Affinity of lectins for fixed D. discoideum and P. pallidum cells The affinities of glutaraldehyde-fixed vegetative and 9-hr D. discoideum cells and differentiated P. pallidum cells for discoidin I, discoidin II, and pallidin were determined as described in Materials and Methods. A representative standard curve of erythrocyte agglutination against lectin concentration is shown (Fig. 4) . Agglutination of fresh rabbit cells is directly proportional to the logarithm of lectin concentration over a wide range (Fig. 4) . As described in Materials and Methods, the amount of lectin adsorbed by mixing with various concentrations of fixed slime mold cells was determined by assaying the residual soluble-ectin activity after adsorption. The association constant of each lectin for each cell type and the number of binding sites per cell were determined (Fig. 5 and Table 1 ).
In making these calculations we used a molecular weight of 100,000 for discoidin I, based on ultracentrifugation studies (9) and glass bead filtration. With the latter method we found that discoidin II also had a molecular weight of 100,000. These molecular weights are consistent with tetrameric structures with subunits of mass about 25,000 daltons*. The molecular weight of pallidin by glass bead filtration was 250,000, in agreement with the weight average molecular weight determined by equilibrium sedimentation studiest. It should be pointed out, however, that all three slime mold lectins show a tendency to aggregate in solution, particularly at high concentrations in the absence of saccharide. Since aggregation was not observed at the relatively high concentration used in the glass bead filtration studies, we assumed that there was no aggregation at the lower concentrations present in the reaction mixture used for the binding studies. In addition, it is assumed that all lectin present in the assay was active.
Given these assumptions, we calculated the association constants of the different lectins for fixed slime mold cells and erythrocytes (Table 1) . Both fixed P. pallidum and fixed D. discoideum cells bound the homotypic lectin with high affinity. The association constant of discoidin I or II for fixed differentiated (9 hr) D. discoideum cells was in the range of 109 and about an order of magnitude higher than for fixed differentiated P. pallidum cells. The association constant of pallidin for fixed differentiated P. pallidum cells was about 4 X 109 and about an order of magnitude higher than for fixed differentiated D. discoideum cells. In addition to the species-specific affinity of the slime mold lectins, we found a marked increase in the affinity of discoidin I and II with differentiating D. discoideum cells. Specificity is also indicated by the relatively low affinity of discoidin I for fixed rabbit erythrocytes and of concanavalin A for fixed differentiated D. discoideum cells. Fig. 4 . Although all fresh rabbit erythrocytes are agglutinated with high concentrations of slime mold lectins (Fig. 4) , only partial agglutination with an asymptote like that seen in Fig. 3 is observed when glutaraldehyde-fixed rabbit erythrocytes are used. Therefore the partial agglutination that we observed with glutaraldehyde-fixed slime mold cells need not indicate the presence of two populations of slime mold cells which differ in their surface receptors. However, cellular heterogeneity of this type has not been excluded.
The increased agglutinability of D. discoideum cells by discoidin I and II provides further evidence in support of a cell adhesion function for slime mold lectins. We have previously shown that the lectins of P. pallidum and D. discoideum appear on the cell surface when cell cohesiveness develops (1-3) and that specific sugars that inhibit the erythrocyte agglutination activity of pallidin also inhibit the endogenous cohesiveness of differentiated P. pallidum cells (2) . Our present findings of increased agglutinability of D. discoideum cells by discoidin I and II with differentiation and the appearance of high affinity receptors for these lectins with differentiation provides further evidence that specific cell surface interactions between carbohydrate-binding proteins and oligosaccharide receptors may mediate slime mold cohesion.
We have previously shown (4) that lectins from six species of slime molds have discriminable carbohydrate-binding specificities, as determined by saccharide hapten inhibition of erythrocyte agglutination. This suggested a potential basis for species specificity in cellular recognition (5-7). The comparative binding studies of discoidin I, discoidin II, and pallidin with differentiated slime mold cells provides evidence for species-specific cell surface receptors. In each case the affinity of the slime mold lectins for the homotypic differentiated cell type is almost an order of magnitude higher than for the heterotypic cell type. Although the affinity of discoidin I or II for differentiated D. discoideum cells is only about three times greater than that of pallidin, the affinity of pallidin for differentiated P. pallidum cells is about 20 times greater than that of discoidin I or II. Since the number of binding sites for all interactions is similar, these differences in affinities presumably reflect differences in the structure of the lectin receptors on the two species of cells. Since the two species differ not only in the receptors on their cell surface but also in their cell surface carbohydrate-binding proteins (1-3) , the net result of these two complementary specificities might play a significant role in the speciesspecific cell aggregation in a mixed culture of these cell types.
These observations, in conjunction with previous, evidence, strengthen the hypothesis that species-specific cell cohesion in the cellular slime molds is mediated by the high affinity interaction of specific lectins with complementary homotypic receptors on the surfaces of adjacent cells.
